The objective of this study is to estimate the soil N flux from the vadose zone to the aquifer of the Wilmot watershed (Prince Edward Island, Canada) for a typical three-year cropping rotation (barley -red clover -potato). A conceptual model estimates that 199 -221 tons of N were yearly available for leaching at the watershed scale. A significant portion of this N amount was available for leaching at the end of the crop season representing 80 -90% of the annual N balance. Drainage water nitrate concentrations were significantly higher after the potato-rotation year than during the crop season. Low nitrate concentrations were measured at spring thaw indicating that most of the nitrate available from the preceding potato crop season was likely leached at the end of fall or during winter. Early spring ionic exchange membrane sampling show a large availability of nitrate in soil possibly throughout winter as well, resulting from soil N mineralization and nitrification over the winter period. These findings are corroborated by the isotope natural abundance analysis of nitrate in groundwater implying that nitrifiers are significantly active during winter, as well as during the crop season, and that leaching of soil nitrates with seasonal signals takes place whenever recharge is occurring.
Introduction
Nitrogen is the most abundant element in the atmosphere as molecular N (N 2 ). However, only the reactive forms of nitrogen such as NH þ 4 and NO 2 3 support the growth of plant and microbes (Galloway et al., 2003) . In the last century, anthropogenic activities have more than doubled the global rate of reactive forms of nitrogen production (Vitousek et al., 1997) , and the N-fertilizers production is one of the major contributors. When the N-fertilizers exceed the nitrogen agronomic requirement of crops, the mobile NO 2 3 is easily leached to the groundwater, especially in areas with well-drained soils and shallow water tables (Levallois et al., 1998; Mitchell et al., 2003) . As a result, agricultural activities such as livestock production and crops have an impact on groundwater (GW) quality.
GW plays an active role in the nitrogen cycle by being a means of transportation of the various dissolved N-bearing molecules, and a medium of chemical and biogeochemical transformations of the nitrogenous forms. Wells and, to some extent, surface waters used for water consumption by animals and humans are replenished by GW. Consequently, GW contamination by nitrate can have direct consequences on human and aquatic health. The shallow aquifers of Prince Edward Island (PEI) constitute the only source of freshwater for its population, agriculture and industry. In many areas, such as in the Wilmot River watershed, nitrate in GW is significantly exceeding the natural background. The present level of understanding of the N cycle in the Wilmot River watershed is that excess nitrate in soils due to intensive potato production moves with the GW flow to private wells and main rivers without much natural attenuation because the oxygen level in the aquifer does not favour bacterial nitrate reduction. This unconfined aquifer is composed of fractured sandstone with minor siltstone beds overlain by a thin sandy till layer. Its upper part is strongly fractured and constitutes a fast-flowing channel for GW. The water table shows typical seasonal responses to climate for the region, including a major spring recharge due to snowmelt, a summer water table decline, a moderate autumn recharge and several significant recharge events caused by partial melting of snow during mild winter days.
Nitrate originates from fertilizers and from the soil organic N pool following mineralization and nitrification. Bacterial soil N mineralization and nitrification leading to labile nitrate in fertilized agricultural soils take place during summer and to a minor extent during fall in Northern regions (Alexander, 1977) . Although, it has been demonstrated that denitrifying bacteria are active in snow covered agricultural fields near freezing point (Wagner-Riddle and Thurtell, 1998; van Bochove et al., 2000) , very few studies have investigated the soil N transformations over winter (Savard et al., 2007) . The objective of this study is to estimate the seasonal soil N flux from the vadose zone to the aquifer by developing a conceptual model for the Wilmot watershed, sampling soil drainage and well waters and using ionic exchange membranes to evaluate soil ammonium-N and nitrate-N fluxes respectively related to soil N mineralization and nitrification.
Methodology
The available N is estimated by the mean of a conceptual model and correlated with the modelled N concentrations in the Wilmot aquifer. Lysimetric water samples are collected periodically from different cropped experimental plots and an adjacent forest lot to determine the transfer magnitude and seasonality of different soil N forms to GW. Finally, ionic exchange membranes are periodically buried and sampled to determine the occurrence of soil N mineralization and nitrification throughout the year.
Characterization of the study areas
Two study sites were used in this project. The Wilmot River basin situated approximately 50 km west of Charlottetown PEI, Canada was investigated for the GW portion of the study (Figure 1(A) ). A second site, AAFC Harrington experimental farm located approximately 30 km north of Charlottetown was used for the vadose zone portion of the study (Figure 1(B) ). The Harrington site was chosen after farm fields in the Wilmot River basin were not made available for lysimeter installation.
The Wilmot River basin (87 km 2 ) is characterized by an unconfined, mixed-porosity sandstone aquifer covered by permeable till. The basin is also characterized by an intense potato cropping activity. GW samples were collected from wells located along one transect of instrumented wells parallel to the GW flow and from private wells distributed over the watershed. Water samples from the Wilmot River were also taken. A more detailed description is available in Savard et al. (2007) .
All drainage waters were collected at the AAFC Harrington experimental farm site. The farm is mainly sited on an Orthic Humo-Ferric Podzol mapped as a Charlottetown fine sandy loam common to the potato growing areas of PEI. This gently sloped site (1-3%) was considered representative of the pedo-climatic characteristics of the Wilmot River basin and offered excellent permanent facilities to collect drainage water. A 3-year rotation cropping (barley -red clover -potato) management has been applied on the plots since 1993. Hence, in 2004 plots were cropped with potato and in 2005 with barley. Three fertilization treatments were applied in triplicate: spring solid manure, spring liquid manure and The conceptual model is developed to estimate the soil N amounts leached from cropped fields and forested areas to the aquifer in the Wilmot River watershed. This model is based on a global balance sheet between N contributions (system inputs) and N removal (system outputs). Four modeling assumptions were defined. The first assumption was that the vadose zone N outputs, except N gaseous losses (volatilization and denitrification), are the aquifer N inputs; the vadose zone being defined herein and thereafter as the first metre depth of surface soil. The second assumption was that nitrate and nitrous oxide represent most of the N leached to the aquifer. The third assumption was that all potato fields within the watershed are uniformly included in a three-year rotation plan (potato, cereal, red clover). Finally, the fourth assumption was that one-third of hay was legumes and the remaining was considered grass hay, and the category "others" from the Landsat-7 image analysis was considered legumes as well. The conceptual model uses agronomic and climatic data to determine the excess N at two yearly periods: spring-summer (April to November) and fall-winter (December to March). The conceptual model inputs are defined as N contribution to the ecosystem (mineral and organic N fertilizers, N crop residues, NO 3 and NH 4 in precipitation) and outputs (crop N removal, NH 3 volatilization, denitrification) as N removal. Data used were for fertilizer type, fertilization recommendation and crop yields, PEI-Agriculture, Fisheries and Aquaculture; crop N removal, CFI, Nutrient uptake and removal for field crops for Eastern Canada 2001; precipitation, Meteorological Service of Canada-Environment Canada; N deposition (4.5 kg ha 21 yr 21 ; Aber et al., 2003) , and N gaseous emission (1.25% of total N; IPCC, 1997). The Wilmot forested and cultivated areas for potatoes, grain and hay were estimated from two Landsat-7 images (1998) (1999) and both Landsat-7 images and aerial photography (2000) using the watershed contour and a GIS (ArcView 9.0). Legumes area was derived as mentioned above in the fourth assumption of the conceptual model. Seasonal N amounts remaining in the soil and potentially available for leaching were calculated for each crop and per hectare of agricultural land in the Wilmot watershed.
Percolation water sampling and analysis
Nitrate and four N forms are respectively estimated from drainage water data (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , tile drainage system, pan lysimeters and from soil ionic exchange resins data (2004) (2005) sampled at Harrington experimental farm under the different rotation cropping systems.
A 3.4 ha contiguous tile drainage system (Milburn and MacLeod, 1991; Milburn et al., 1992) was used in this study to collect drainage water from agricultural soils. Tile drains collected independently percolating water from the plots and channelled it to a central collector system. Three pan-lysimeters buried at 80-cm depth were used to collect percolating water from forest soil. A detailed description of the pan-lysimeters can be found in Caron et al. (1999) . Drainage and lysimeter water were collected during a three-day interval following two hydrological events for each sampling season (autumn, winter and spring). Flow injection analysis (FIA) colorimetric and ion chromatographic methods were used to analyse the different soluble nitrogen species (dissolved Ntotal, NO 2 3 , NH þ 4 ) on drainage, lysimeter and groundwater samples.
Soil N transformation
To determine nitrogen availability, anionic and cationic exchange membranes, called thereafter ionic exchange membranes (IEM) were used in situ as a soil testing method (Qian et al., 2006; Ziadi et al., 2006 Ziadi et al., ) during 2004 Ziadi et al., and 2005 . All details regarding the in situ use of these membranes are based on the study of Ziadi et al. (1999) . Briefly, four anionic and four cationic membranes were buried in the proximity of the lysimeter pans (4-m 2 area surrounding the lysimeter) in the surface horizon (0 -20 cm) at different periods. Indeed, eight 2-week periods of IEM cycle have been done: two in fall 2004 and six from April to July 2005. In addition, one 136-day period has been done in winter 2004-2005 (November 24 -April 9) to evaluate fall and winter N mineralization. After each contact period, collected membranes were first washed with distilled water in the field to remove adhering soil particles and placed in individual tubes containing 25 mL 1 M NaCl (anionic exchange membranes) or 25 mL 0.5 M HCl (cationic exchange membranes) and analyzed in the laboratory for NO 2 3 by ion chromatography and NH þ 4 by FIA respectively.
Results and discussion
Available soil N at the watershed scale
The potentially available N for leaching from forested and cropped soils to the aquifer of Wilmot watershed were estimated for two yearly periods using the conceptual model. The spring -summer period started from planting and seeding in April until the end of November after harvest. The fall -winter period ran from December to March. The conceptual model estimations show that 199-221 Mg of N per year was available for leaching at the Wilmot watershed scale from 1998-2001. Table 1 shows interannual variations in crop areas reflecting 3 years rotation practices at the Wilmot watershed and total soil N available for leaching per hectare of agricultural and forest land for the two yearly periods. The landuse for 2000-2001 is very accurate and was determined from a 2000 aerial photography and a Landsat-7 image while landuses for 1998-1999 and 1999 -2000 were determined from Landsat-7 images only. Initially, the Landsat-7 image analysis focussed primarily on potato crops and all other information from the Landsat-7 scene may underestimate agricultural landuse although their potato estimates are within 85% accurate. This could explain the relative increase of forest and total landuse which does not give a good comprehension of the deforestation activity for agriculture benefit during the last decade. In 1990, the forest land area in the Wilmot watershed was 1 122 ha (Mary Lynn McCourt, personal communication). A significant portion of N was available at the end of the crop season representing 80-90% of the annual N balance. Atmospheric N deposition in precipitation, as NO 3 and NH 4 forms, is a major and variable input to soil N representing 58-86 Mg of the total annual N amounts from 1998 -2001. Moreover, soil N available from agricultural lands throughout winter was assumed to originate only from precipitation accounting for 29 -39% of annual atmospheric N depositions and is proportional to cultivated areas. Although, concomitant results from nitrate isotope measurements in groundwater (Savard et al., 2007) , drainage water and exchange membranes sampled in Figure 2) indicate evidence of over winter soil N transformations, these inputs were not initially included in the conceptual model. The N budget calculations for different crops show that potatoes and hay were the major contributors to soil N available for leaching at the end of the crop season. In fact, these crops present an average contribution of 81% to the total N amount for the three-year period of 1998 -2001. The estimated quantity of N available for leaching from agricultural land shown in Table 1 agrees well with the mean annual aquifer recharge (410 mm) and the nitrate concentration range of 4 to 7 mg L 21 found for the Wilmot aquifer (Paradis et al., 2006) . -term (1989-2003) drainage data from the Harrington experimental farm show that the potato-rotation year induced double to triple yearly average nitrate concentrations in water than barley/red clover and red clover years (MacLeod et al., 2002) . Table 2 shows that nitrate concentrations in drainage water samples were significantly higher in December 2004 after the potato-rotation year than during the 2005 crop season under barleyred clover. Low nitrate concentrations were measured at spring thaw (April 5th) indicating that most of nitrate available from the preceding potato crop season was likely leached at the end of fall or during winter. The forest lysimetric water samples showed significantly lower nitrate contents than the agricultural treatments independently of the period of the year. Spring thaw of 2005 was also characterized by higher water ammonium concentrations (0.43 mg L 21 ) in the agricultural treatments than in December 2004 and 2005 showing that soil N mineralization was taking place very early at snow melt or occurred over winter. It is noteworthy that total dissolved nitrogen (TDN) content follows a similar tendency to that of nitrate and that their concentrations are only slightly higher. This presumes that most of the dissolved forms of N are nitrate.
N in drainage water at Harrington experimental farm
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Fall 2004 IEM were buried for 15 days (November 9 to November 24) and spring 2005 IEM for 136 days (November 24 to April 9) in cropped and forested plots. Nitrate soil concentrations measured from anionic exchange membranes at the end of fall 2004 and at spring 2005 were significantly higher in agricultural soil treatments than in the forest soil ( Figure 2 ) indicating that the soil N cycling differs between both ecosystems. The nitrate concentrations were two to three times higher in spring 2005 than in fall 2004 in all plots, and the highest NO 2 3 concentrations being observed when liquid manure was applied in spring. These results suggest that nitrates have been produced in soil over winter and trapped by the exchange membranes. In contrast, ammonium soil concentrations measured from cationic exchange membranes in spring 2005 were much higher in forest than in agricultural fields indicating that mineralization of soil organic N was present in the forest litter and that plant and microbial uptake of ammonium may reduce the quantity of substrate available for nitrification (Zak et al., 1990) . Results obtained from drainage water analysis showed that excess nitrates were likely leached to the GW at the end of a potato cropping season while exchange membranes measurements indicated a possible nitrate production in the soil over winter. These findings suggest that soil N mineralization and nitrification are occurring together in agricultural field of PEI producing additional nitrates. These nitrates are potentially produced and leached during winter rainfalls on snow and partial snow melts. This hypothesis is confirmed by the analyses of natural abundance of nitrate isotopes in GW sampled in the Wilmot watershed between 2003 and 2005 by Savard et al. (2007) . In the d 18 O-d 15 N space, GW nitrates for two yearly cycles (2003-2004 and 2004 -2005) formed populations with distinct d 18 O averages the for summer-fall and winter-spring periods but with overlapping ranges of d 15 N values. The d 15 N values represented mixing trends between nitrate fertilizer and manure end-members. They also advocate that nitrifying microbes are significantly active during winter, as well as during warmer months, and that leaching of soil nitrates with seasonal signals takes place whenever recharge is occurring on the basis of their d 18 O nitrate results. Indeed, given that during nitrification 2/ 3 of oxygen derives from soil water and 1/3 from ambient O 2 , and using local precipitation values for calculations of the isotopic ratios of nitrates, Savard et al. (2007) inferred that the distinct trends likely resulted from nitrification ongoing during the four Canadian seasons, the two summers and winters clearly presenting the highest and lowest values, respectively.
Conclusions
This paper presents essentially an estimation of N available from the agricultural fields and forested lots for leaching to the aquifer of the Wilmot River watershed at PEI. Even though, only atmospheric N depositions were accounted for the winter season estimates (December -March), it appears that significant amounts of nitrate are present at the end of the crop season and later on available to contaminate the aquifer. These estimated N amounts are of the same magnitude as those simulated by hydrogeological models. Drainage water and exchange anionic and cationic membranes analyses assessed that nitrates were available at the end of the crop season but also produced over winter. These findings were corroborated by nitrate O isotope ratios of GW showing that nitrates having a specific cold weather isotopic pattern were leached to the aquifer during winter months.
The fact that nitrates are produced and leached from agricultural lands all year has to be considered to adapt best management practices with the objective of mitigating the impacts of agriculture practices on water quality.
